The reactions induced by the weakly bound 6 Li projectile interacting with the intermediate mass target 59 Co were investigated. Light charged particles singles and α-d coincidence measurements were performed at the near barrier energies E lab = 17.4, 21.5, 25.5 and 29.6 MeV. The main contributions of the different competing mechanisms are discussed. A statistical model analysis, ContinuumDiscretized Coupled-Channels calculations and two-body kinematics were used as tools to provide information to disentangle the main components of these mechanisms. A significant contribution of the direct breakup was observed through the difference between the experimental sequential breakup cross section and the CDCC prediction for the non-capture breakup cross section.
Introduction
Experiments with heavy ions performed during the last decade have shown that the internal degrees of freedom of the interacting nuclei play an important role in determining the reaction flux diverted toward the fusion reaction [1, 2, 3, 4, 5, 6] . Barrier distribution measurements [3] have shown that the coupling of collective degrees of freedom to the fusion channel may enhance the sub-barrier total fusion cross section. Interest in fusion studies at near-and sub-barrier energies with exotic nuclei as projectiles [5, 6, 7, 8, 9, 10, 11, 12, 13, 14] has been renewed with the recent increased availability of Radioactive Ion Beams (RIB). The investigation of such reactions involving either unstable nuclei, far from the valley of stability, or weakly bound stable nuclei, such as 6 Li, should have a great impact on the study of astrophysical processes at very low bombarding energies near the Gamow peak [14, 15] . Light weakly bound stable and unstable nuclei display low nucleon (cluster) separation energies, and are therefore candidates for important breakup (BU) cross sections.
This possibility affects the dynamics of fusion reactions [16, 17, 18, 19, 20, 21, 22, 23] due to the fact that part of the incoming flux may be lost from the entrance channel before overcoming the fusion barrier and, moreover, one of the fragments removed from the projectile (or target) may fuse leading to an important incomplete fusion (ICF) or transfer (TR) contribution. Following the review paper of Canto et al. [4] , we consider here that ICF is a two-step process.
After the breakup of the projectile one of the fragments, with approximately the projectile velocity, interacts with the target leading to a compound system formation. On the other hand, TR would be a one-step process in which there is a transfer of a fragment from the projectile to unbound states of the target followed by a particle evaporation. The final residual nucleus is the same in both cases, being a challenge for the experimental separation of these processes.
The contributions of these reaction mechanisms have not so far been identified in barrier distribution measurements or clearly disentangled in "singles" (inclusive) particle measurements.
Coincidence (exclusive) measurements are required to guarantee the occurrence of BU processes in order to shed some light on the understanding of this problem which remains controversial, as conflicting theoretical expectations have been reported in the recent past [24, 25, 26, 27, 28, 29, 30, 31, 32] .
We have already performed measurements for 6, 7 Li beams incident on the intermediate-mass target 59 Co at near barrier energies and studied the total fusion [33] , elastic scattering [34] and BU cross sections [35] . In this work we present a study of both inclusive and exclusive light charged particle (LCP) energy spectra for the 6 Li + 59 Co system and the respective contri- Identification of the LCPs emitted during the reaction was achieved by means of two-dimensional spectra of the ∆E gas , E heavy , ∆E light and E CsI signals (see Fig. 1 ) processed by means of standard NIM and CAMAC electronics. The ∆E light × E CsI spectrum in Fig. 1 clearly shows the high-quality of the massdiscrimination for H isotopes (p, d, t). The ∆E gas comes from the ionization chamber. The E heavy and ∆E light signals are generated by the Si detector with low-and high-gain, respectively, and the E CsI signal represents the residual energy deposited in the CsI crystal. The energy loss in each detector was calculated using a universal analytic equation [37] . The ∆E gas and E heavy signals were calibrated using the 6 Li elastic scattering peaks. The curves of the residual energy deposited in the CsI crystal as a function of energy loss in the Si detector for each Z and the linear relation between the E heavy and ∆E light gains were used to calibrate the energy spectra of the LCPs. The telescopes covered the angular range from θ = −45
• to θ = −15
• and from θ = 15
• to θ = 75
• , both in ∆θ = 10
• steps. The solid angles of the telescopes varied from ∆Ω = 0.14 to ∆Ω = 1.96 msr. Absolute cross sections were determined from our earlier elastic scattering measurements [34] .
Some details of part of this experimental setup description can also be found in Refs. [34, 36] . Our experimental setup allowed us to obtain both "singles" LCP and coincidence LCP data. First, we will concentrate on the results obtained from the analysis of the "singles" LCP data and, finally we discuss the analysis of the α-d coincidence data which was used to obtain the sequential breakup cross section.
In Fig. 2 we show singles α, d and p production spectra for E lab = 21. using the Hauser-Feshbach evaporation code CACARIZO [40, 41] (the Monte Carlo version of CASCADE [41] ). In the calculations the transmission coefficients were evaluated using optical model (OM) parameters for spherical nuclei. The compound nucleus (CN) angular momentum distributions were specified using the diffuseness parameter ∆L = 1 and the critical angular momentum L crit calculated internally by the code for each bombarding energy. The OM potentials for n, p, and α were taken from Rapaport et al. [42] , Perey [43] , and Huizenga and Igo [44] , respectively. One of the most important parameters in the calculations is the level density parameter a. In our case it was defined as a LDM = A/10 [45] rather than the A/8 value adopted for other systematic studies [41] . This value of a, needed to reproduce the Giant Dipole
Resonance (GDR) enhancement in the 6 Li + 57 Fe γ-ray spectra [45] , provided good results for the LCP energy spectra without any extra normalization on the CF cross sections. In particular, the proton energy spectra for which we expect essentially CN decay (except in the low-energy region where p decay from ICF and TR intermediate nuclei might be apparent; protons from d breakup were not considered, as already argued) were well reproduced for all detection angles (as shown in Fig. 2c ). We performed additional CACARIZO calculations for d-and α-ICF assuming bombarding energies corresponding to the 6 Li projectile velocity. The location of the p decay energies supports well this rather crude hypothesis.
Fig. 3 displays energy spectra at θ = 45
• for E lab = 21.5 MeV, using a linear scale in the y-axis. The same energy spectra are given in a log scale in take note that deformation effects and lowering of p emission barriers [41] , not explicitly taken into account in the present CACARIZO calculations, might also explain the large yields observed at low energies. The high energy p can not be attributed to ICF or TR and also these energies are not related to the projectile velocity. As discussed in Ref. [46] it may correspond to some sort of pre-equilibrium process. For α particles, after subtraction of the contribution from the CF α particles as calculated by CACARIZO, two "bumps" remain, The high-energy bump is the subject of the analysis that follows.
For the high-energy α-bump, according to the previous description, we are then dealing with the experimental quantity σ α−bump defined as:
Analogously for the d singles energy spectra, shown in Fig. 3b , we may define the quantity σ d−bump as:
The quantities σ α−bump and σ d−bump were obtained through the integration of the angular distributions (dashed lines) shown in Fig. 4a and Fig. 4b , respectively, for all bombarding energies. The dashed lines were obtained by means of Gaussian fits to the experimental data in the case of α-bump and exponential fits for d-bump. In the same figures we present experimental α, d and p angular distributions. As we only have data points up to θ = 75
• we have assumed that the total α and d production at backward angles is essentially due to CF and ICF/TR decays. In order to estimate the shape of the angular distribution for the backward angles we used CACARIZO predictions for the CF decay. The adopted shapes are consistent with published data for 6 Li + 58 Ni at similar bombarding energies [47] . As explained earlier, due to the non CF decay contributions, the angular distributions for p are not reproduced by CACARIZO predictions (Fig. 4c) , which is also consistent with the discussion about the ICF/TR decay adopted in this work.
In Fig. 5 we present an excitation function, adopted from [47, 48] , of total α production cross section as a function of reduced energy for 6 Li on various targets at near and above barrier energies [23, 47, 48] . As noted in Ref. [48] , a simple systematic behavior for total α production is observed with no significant target dependence. We also include the present results for 6 Li + 59 Co, obtained from the integration of the angular distributions (i.e. the solid curve in Fig. 4a ). The Coulomb barrier (V B = 12.0 MeV) was extracted from Ref. [33] .
We note that the 6 Li + 59 Co data also obey the systematic trend giving further support to the present analysis. It is worth noting that a similar trend has been obtained for 7 Li projectiles [49] . For the sake of comparison, we have plotted in Fig. 5 (dashed line) the excitation function of α particles calculated by CACARIZO for 6 Li + 59 Co reaction, i.e. all the α particles that are emitted through a CF evaporation process. As the experimental data (stars) lie well above the fusion predictions we may conclude that the ICF and TR components both play a significant role in the total α production. This behavior is even stronger for 6 He induced reactions [7, 9, 10, 50] for which the measured total α cross sections are much larger than for 6 Li due to the strong competition of the 1n-and 2n-transfer reactions as convincingly demonstrated in the 6 He + 209 Bi system [51, 52] , for instance.
A clear separation of mechanisms involves a knowledge of the σ N CBU cross section. The NCBU is the sum of the direct and sequential breakup processes.
The non-model dependent analysis of the experimental data for direct breakup processes is a very difficult task and work is in progress to accomplish such a challenge [53] . Thus, in this work we adopted the approach of performing CDCC [29, 30, 31, 32, 54] In Table 1 we present a summary of our results obtained from the experimental LCP singles spectra and the evaluation of non-capture BU (NCBU) cross sections with CDCC [30] . The total reaction cross sections were extracted from our elastic scattering analysis [34] using the São Paulo Potential [57] and from the CDCC calculations [30] . The OM fits and the CDCC calcula-tions yield similar cross sections which are much larger than the total fusion cross sections [33] measured at E lab = 17.4 MeV and E lab = 25.5 MeV using the gamma-ray method [33] . Let us recall that the measured total fusion cross sections were also found to be rather well reproduced by the CDCC method [29, 54] . However, some unexpected discrepancy can be observed in [47] at similar bombarding energies. Single nucleon transfer reactions will also produce α particles but not deuterons, and thus could also contribute to the excess of α particles over deuterons. Although a full calculation of these processes is not possible for a 59 Co target due to the high density of states in the residual target-like nuclei, DWBA estimates suggest that the single nucleon transfer cross sections are at least as large as those for NCBU [30] . A similar excess of α particles over d has also been reported previously in the literature for other systems, not only for energies similar to ours [47] but also at higher energies [38, 58] .
The results presented in [30] ) show that the NCBU cross section is significantly lower than the σ α−bump and σ d−bump cross sections. This is also observed in another work [30] . In this case we could argue that the main contributions to σ α−bump and σ d−bump are most probably due to both the ICF and TR mechanisms.
In order to confirm whether our assumption is reasonable we performed a twobody kinematics analysis related to the centroids of the high-energy α-bump has been found to be a rather competitive reaction channel in the 6 Li + 118 Sn and 6 Li + 208 Pb reactions [60] as well as in the 6 Li + 28 Si reaction [39] . It is worth noting that following Ref. [38, 39] we did not consider the secondary disintegration of the deuterons, the contribution of which is expected to be much smaller [38] .
From this analysis we conclude that the main contributions to the α-bump and d-bump are due to both ICF and TR. However, it was not possible to disentangle their individual contributions from the present inclusive data.
In the following part of this work, we will focus on the determination of sequential breakup cross section for the 3 + state of 6 Li (σ and σ CDCC N CBU suggests a significant contribution of the direct breakup process in σ N CBU , since the σ N CBU is the sum of the sequential and the direct breakup cross sections. This conclusion for the medium-mass target 59 Co is rather consistent with either the stripping breakup mechanism proposed for the heavy 208 Pb target [23] and/or with a competitive direct breakup for the light 28 Si target [21] .
Conclusions
In this work we presented results for the intermediate mass target We incorporate results extracted from [47, 48] and from [23] 
